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Pm.«cnwnopunwon (PCP) is a bxocxde

widely used in processing wood and
other cellulosic products, starches, adhe-
sives, proteins, leather, oils, paints, and
rubber. It has been used to control unde-
sirable fungi, bacteria, insects, weeds, mol-
lusks, and other nuisance biota.?
rent practice, pentachlorophenol is prima-

rily used as a wood preservative. Although-

under certain conditions it may be con-
sidered an environmental pollutant having
potentially hazardous properties commonly

ascribed to chlorinated hydrocarbons, it is

not disseminated broadly over fields and

" crops as are the common agncultural pes-

ticides. Pentachlorophenol is localized in
treated wood and owes its lasting preserva-

- tive effect to its resistance to biological or

chemical degradation and leaching. Never-
theless, potential pollution arises mainly
during its manufacture and in the wood
treatment plant where the environment
may become polluted during processing.
It is therefore of interest to investigate the

potential for biodegradation of pentachloro- -

phenol by soil or aguatic microorganisms.
Information regarding the biodecomposi-
tion of pcp is relatively scarce and quite
vague. Toxicity and biocidal activity of
prcp have been shown to disappear in soil
The extent of disappearance depends on
the type of soil. moisture content, tempera-
ture, and sunlight.®** Kincannon et al®

" were unable to observe disappearance of

pPce in activated sludge systems although
pcp-acclimated sludge was considerably
more tolerant to pcp than . umacclimated
sludge. Ingols et al' attempted to accli-
mate activated sludge to pcp but were
unable to demonstrate ring degradation or
chlorine removal Suggestive information
related to pcr biodegradation by three spe-

In cur--

cies of Tnchoderma has been reported by
Cserjesi,* who measured disappearance of
88 percent PCP over a 12-day mcubahon
period in malt extract solution, ;T o

The purpose of this investigation was to
obtain definitive evidence of rcp bxodegra .
dation in heterogeneous cultures of micro-
orgamsms. :

MA-n-:Rnus AND Mrmons :

Source of culture. A soﬂ sample was
obtained from the grounds of a wood prod-
ucts manufacturer in Terre Haute, Ind.,
who used pentachlorophenol as a preserva-
tive. The sample was obtained near the - .
fence-post drying racks where the soil had
been well saturated with chemical wood
preservatives. A 50-g portion of soil was
added to 4 1 of 0.1 percent nutrient broth
in an 8- cylinder. The culture was stirred
mechamcally and aerated by passing com-
pressed air through a sintered glass sparger.
Abundant growth was observed after 24
hr incubation at room temperature.

Acclimation of culture to pentach'loro-
phenol. An acclimation regime was in-
itiated that involved daily removal of 800 . - 7=
ml of settled culture liquor and the replace- -
ment of this volume with fresh nutrient
broth, 1 g/1, containing 80 mg phenol and
10 mg pentachlorophenol The liquid re-
tentign time was 5 days. At each 5-day
interval the concentration of phenol was
*increased until after approximately 1 month
the daily increment of phenol was 128 g/ -
day. At this point the incremental addiion
of pheno! was decreased and the increment
of pentachlorophenol was increased so that =~ -
by the third month of acclimation the daily -
input of pheno! was reduced to zero and
pentachlorophenol was being added at 120
mg/day. The level of nutrient broth added -
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_ rcmamed unchanged throughout the ac-::'. experiments.
. climation period. The. acclimation culture

was maintained with nutrient broth and

pentachlorophenol for an additional 4!
_ months before radloxsotopxc studnes ‘was

- begun. - o Sy :
: Preparahon of radxoachve pentachloro-_
phenol. Pentachlorophenol-U-4C was pre- '

pared by exhaustive chlorination of phenol- =

'- U-“C a.nd purified by fractional sublima- -

‘tion as described by Rogers et al® Early
~ biodegradation experiments were done

~ with pentachlorophenol that was shown to

be 97.0 percent radiochemically pure. This

" material melted at 187.1°C, as compared

with 191°C for an authentic pure com-

"~ pound. Later in the study, after a second
" sublimation succeeded in removing a small
- radiochemical ‘impurity, the pentachloro-

phenol used was found to be 99.55 percent

- pure. The purest labeled compound ob-
. tained melted at 190.4°C and had a spe-
cific activity of 0.270 pci/mg. -
Radioactive assays for blodegradatnon of
* pentachlorophenol. Mixed bacterial cell
preparations were obtained for assay of
pentachlorophenol oxidation capacity di-
rectly from the acclimation culture or from
shaker flask cultures inoculated with the
enriched culture. In the latter situation.
the growth medium contained NH.CI, 20
g; Na-HPO,, 0.5 g; MgSO,-7H.O, 0.05 g;
yeast extract, 0.05 g; phenol, 0.1 g; pen-
tachlorophenol, 0.01 g:; deionized water,
800 ml; and tap water, 200 ml; in 50-ml
Erlenmeyer flasks. The medium was ad-
justed to pH 7.8 before sterilization. Be-
fore an assay was started, the cells were
centrifuged at 4°C, washed once in 0.02 M
phosphate buffer at pH 7.8, and suspended
in buffer. Unless otherwise noted, the op-
tical density of each cell suspension was
adjusted to a nominal value of 1.5 using
a spectrophotometer at 600 nm. It was
determined that an optical density of 1.5

" .. was equivalent to approximately 1.5 mg

dry cells/ml. Except where noted in the
text, all assays were done at equivalent cell
densities.

‘Warburg flasks (15-ml volume) were
used as reaction vessels in all radioisotope
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=:25-mm strip of filter. paper saturated.

ter bath was maintained at 25°C, and shak. _
; ing rate was 120 strokes/min. The flasks™
were charged mth 3.0 to 40 ml of eell

.. phenol-*C as the sodium salt containing
35,000 to 45,000 dpm and representing 375
"to 750 pg of organic substrate. "An 8- by

ter well to trap the radicactive CO; evolved.
Ultimate biodegradation of pentachloro- =
phenol was determined as the amount of :
radioactive CO. evolved relative to time =
Pentachlorophenol oxidation capacity of :
the cells was defined to mean the amount
of radioactive CO; released in 24 hr as
percent of the total substrate radioachvxty =3
in the assay flask.’ " ' 4 DR
The radioactive carbon dmude trapped et
in hyamine hydroxide as hyamine carbon- “:3:
ate was measured by placing the paper_
strip directly into a scintillation vial con- *
taining 15.0 m! of 0.4 percent 2,5-diphenyl- -
oxazol in a toluene:ethoxyethanol, 1:1 sol-- %
vent Ten-minute radioactive counts were _
made with a scintillation counter equipped .,
with a bialkaline phototube.. Counts are 7
corrected for background and counting 2
efficiency and are reported in absolute units i
as dismtegrahons per minute. - 2

i

RESULTS - T
Table I presents data indicating that an
acclimated mixed microbial population is-
capable of attacking pentachlorophenol
under nonproliferating conditions. That
biological attack results in terminal oxida- -
tion of this halogenated phenol is indicated
by the sxgmﬁcant release of radioactive
carbon dioxide in a 24-hr incubation pe- °
riod. These data tend to be conservative
estimates of the potential ability of acclim-
ated bacteria to decompose pentachloro-
phenol, because they are taken from early =:
experiments. More recent work, which will 2
subsequently be described, has shown that
as much as 68 percent of the radioactive ::
pentachlorophenol carbon added can be ::
recovered as radioactive CO, in 24 hr. Tt ..’f
is important to note that insignificant radio- —

.-_,
T
-7
tee
-+
e
-
-
&
s
H

.

active CO; was

under the cond
These and other
pentachlorophent
cally mediated ¢
Various nutriti
the growth med:
acclimated mixec

_tion and to def

dation was infly

mxght support
were taken frc

cenl:nfuged, w

" burg fasks with

dry weight/fask

‘reaction volume
" mg/1 and nutr
. were added ser

For comparative
tion system cor

. 4G, and no addi
" reaction vessels

of 46 hr, and"
at intervals

" The data obtair
_II. Several im
- made. The

as CO; was ar
resting cells;

either cells with
and pbenol

" used, apparent’

the rate and

- However, when

able as suppl/
cells were in a
the overall oxi
tarded by a fac
'inten'al rates

4_-._---.-_.-_ -

TABLE !.—-onlc
: r.hloropt



ure of the wg.

3 ’C, and shak.

“~in.  The ﬂang'

“presenting 3',.:;
Crate. An 8- 1)\

- of pentachloro-
;s the amount of
ivlative to time.":
‘on capacity of

te radxoachvxt)

dmx:de trapped
1yamine carbon-
«cing the paper :
llation vial con- -
nt 2,5-diphenyl- .
zthanol, I:1 sol-
ive counts were
>unter equipped
e. Counts are

and counting
‘n absolute umts

be, - 7

licating that an
1 population is
ntachlorophenol
ditions. That
terminal oxida-
nol is indicated
of radioactive
incubation pe-
oe conservative
ility of acclim-
e pentachloro-
ken from early
‘ork, which will
1as shown that

:he radioactive -
idded can be:

I in 24 hf. It

mificant radio-

)

active COsz was released spontaneously
under the conditions of this experiment
These and other data obtained confirm that
pentachlorophenol may undergo bxologx-
cally mediated decomposition. : ::, "
Various nutritional components used in
the growth medium for developing a pce-

" acclimated mixed culture were studied for
their effect on the initial rate of pcp oxida-
tion_and_to_determine_whether rcp_oxi- -

" dation’ was influenced by conditions that

might support cell proliferation. . Cells
were taken from an acclimated culture,
_entnfuged, washed, and placed in War-
urg flasks with radioactive pce. The cell .

dry welght/ﬁask was 104 mg in a- total
reaction volume of 50 ml. Phenol at 20
mg/1 and putrient broth at 1,000 mg/l
were added separately and in combination. |

. For comparative purposes, a control oxida-; ..

tion system containing washed cells, pcp-
14C, and no additives was established. The
reaction vessels were incubated for a total
of 48 hr, and **CO, evolved was determined
at intervals through the incubation period.
The data obtained are presented in Table
IL Several important observations may be’
made. The overall recovery of pcp carbon

_as CO, was approximately 50 percent for

resting cells; this value was obtained for
either cells with pcp alone or cells with pcp
and phenol. Phenol, at the concentration
used, apparently had little or no effect on
the rate and extent of oxidation of rce.
However, when organic nitroger was avail-
able as supplied by nutrient broth and the
cells were in a dynamic growth condition,
the overall oxidation of pcp seemed re-
tarded by a factor of two. In addition, the
interval rates of oxidation were quite con-

TABLE I.—Biolopcal Decomposxhon of Penta-
chlorophenol to Carbon Dioxide

PENTACHLOROPHENOL

TABLE n.-—l-:ﬂe& of Culture Medjum Compcnenti '

..... - on Rate of Peatachloropheno} Oxidation - _:

. Interval
: Rate .
K UCOs . :
- Evolu- :°
- ERRENEE [°Y7) Count (%) _(dt.lnn v
E pm/
LA B ;(#M) . hr) ..
PCP-4C—30 mg/l 3 1,852 29 | 817
R 7 4,959 1.3 . 150
12 9.379 14.8 . 900
20 11,349 § 210 1,000
. . 46 32.288 00 | 578
PCPMC—30 mgA- §-—8-_§: 1452 }—22—-%-- 48%
+ nutrient hmt.h - T 3, 475
.—1.000 ml/l .12 . 50
. - 20
‘. . 46
PCP-“C—JO mz/l [ ]
phenol—20 .1 .. 7.
m;’l . 12
SR _sr - . 20
46
PCPMC—3D mgN - 3
<+ nutrient broth 7
—1,000 mgN 4+ 12
phenol—20 mg/1 20

swtenﬂy lower,
stages of incubation. There was some re-

duction in immediate oxidation rate as well.
Clearly, pcp was oxidized by growing and ~ -
resting cells, but the data suggest that fa-
“vorable growth conditions are not neces- .
sarily favorable to rcr ondahon w'hen"' '

mixed cultures are used. = -
The effect of cell concentratnon on the

rate of pcP oxidation by resting cells Is =~

described in Table IIl. Cells were har-
vested and concentrated from a pcP ac-
climation culture that was oxidizing pcp at
a rate of 10 to 15 percent of added sub-
strate in 24 hr. Dilutions of the cell sus-
pension were exposed to pce-*C. Carbon
dioxide liberation was measured at fre-
quent intervals through the incubation pe-
riod. An average rate of pcp oxidation was
obtained and used to calculate the oxida-

rate per milligram of cells (specific oxida- =~ = .
The initial activity of these -: - . §

tion rate).
R e

TABLE HI.—Effect of Cell Concentration L

on Pentachlorophenol Oxidation

particularly during the later

FEE . . - . Penn-'
- T Rmuo- Conceclmed chloro
. - . phenol
-, , Reactants Tme | (dpm /24 | (Recovered
. . . hr) ar COx)
Coe T Geeld e - (%)
" Pentachlorophenol-MC e I - - .l
. plus washed cells 24 9,207 140 -
Pentachlorophena}-C - A
plas bofled washed cells 43 19 0.06
Pentachlorophenol-4C
with no cells 90 b4 0.08

Cell Coicmntration | ATEaIRASSS | SptfeRuiest
(g dry wyt/Bask) | i) | (dpm/br/mg el

‘15 ~- 53 -4 o038
46 166 | - 36 °
© 139 350 25
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cel]s wa.s cons:derably lowex ‘than that of

. the ones used in the previous experiment.

- Consequently, the absolute rates of pcp, de-

. composition are not consistent. The' ex-
- periment was intended to show the pro-’
" ‘portionality between cell weight and rate
> of rcp oxidation. The data constitute im-
o portant anci]lary evidence of the biological
- inyolvement in pcp_oxidation. ' The specific .
: rate of pcp oxidation was 35 and 36 dpm/
hr/mg cells at the lowest and intermediate
level of cells. However, at the highest cell
level the oxidation rate increased only two-
fold for a threefold increase in cells. While
this increase is in the right direction, it
suggests some limitation in oxidation.
.- . Probably this limitation involves oxygen
deprivation, because the cell suspension at
S~ 139 mg/flask was v:sxbly heavy, and the.
"~ authors have shown in experiments not

- reported here that a decreased shaking
S rate decreases the rate of pcp oxidation. .
. During the entire course of this research,
Pcp acclimation cultures were constantly
maintained by supplying a small increment
" of nutrient broth and unlabeled pcp on a~
daily basis in an aerated, agitated culture
vessel. This culture was handled as a
fill-and-draw system rather than a con-
tmuous-ﬂow sxstem, and trans:tory varia-

TABLE N —anhons in Penhc.h‘orophenol Osxi-
: dation Capacity of a Heterogeneous .
. Acclimating Biomass

Av. o

mixed, aerated reactor received 40 mg/day pCP and

Sa.mp!hu Time* PCP Carbon Oxidative
el
1 4,400 10
8 5,100 1n
7 9,800 22
12 20,000 4
; 20 17,000 38
= LIS 25 31,000 68
SR 32 31,000 68
¢ s . 3 29,000 - 65
= I S Y v 27,000 - 61
i - - a7 17,000 38
Fars W% o 83 - 4,000 . 9.
3 .. .57 TL- 50 oL
c A . T
v % ! -!e‘ ® During this acclimation cycle a 4] completely
£iz 500 mg/day nutrient broth.
L ] ° { Percent radioactive pcp carbon converted to
X CO;in24 hr.
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for. thxs failure have not been established

experimentally. Pentachlorophenol itself
“or some toxic metaboliteé may have”accu-. Z.E
" mulated in sufficient quantity to retard the ">
pcp-oxidizing microbial population. In any :
case, degradation rates of sufficient mag- T
nitude to oxidize nearly 70 percent of the
Pcp carbon in 24 hr were maintained for
nearly 2 wk durmg the penod of peak per- &
.- A I "s:,

Hons in the pcp oxidation capacxty of the
biomass were observed. The term"’re, -
oxidation capacity refers to the p
pcp carbon evolved as *CO. after 24ty '
- of incubation with washed cells adjusted”
to a uniform turbidity that was equivalent ™"
‘to approximately 5 mg/reaction flas "':."A:‘ :
single acclimation culture was studied over
. a.57-day period from initiation_to faflu
Daily samples of the acclimating biomass
‘were removed and washed. The ability of .
the cells to oxidize PcP was determined,
and selected interval data are presented in
Table IV. * The culture continually im-
proved in its ability to oxidize PcP be-
tween Day 1 and Day 25. Between Days™
25 and 42 a stable plateau was obtained

however, a rapid degeneration of the rcp
_ oxidation capacity was observed between
Days 42 and 47. The system was nearly =
completely devoid of ability to oxidize:
pcP by the 57th day. - The exact reasons

formance.

stcussxox

The data presented support the conten-'
tion that pentachlorophenol, a commercial :
biocide, is amenable to biological decom- ¥~

- position under specific idealized laboratory -

conditions. Radioisotopic analysis of the
CO; released during oxidative attack by ?
resting -4nd growing cells indicates quite &:
cleatly that substantial decomposition of
the substrate biocide is possible. ‘The rate
of oxidative attack may depend on sev-
eral factors. Within a ninefold range of &
cellular concentration, this rate was shown - =
to be dependent to_a large degree on the &
cell concentration. Some rate limitation -
appears at the highest cell concentration
used. The data presented cannot distin-

n i

guish whether at high cell levels the limit-

ing factor is
deficiency, or
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